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In this communication we discuss SU{1, 1)- and S'C/(2)-squeezing of an interacting 



OO ' system of radiation modes in a quadratic medium in the framework of Lie algebra. 

(N' 

We show that regardless of which state being initially considered, squeezing can be 

' (— l '' 
Q^. periodically generated. 

-)— > 
j^ . PACS numbers: 03.65.Ud, 03.67.-a, 42.50.Dv 

^^ I. INTRODUCTION 

>' 

en . The experiments on photon antibunching and sub-Poissonian statistics focused on the 

•/^ I intensity or photon-number fluctuations of electromagnetic field. Recently, there was a major 

Q ■ effort focused on the fluctuations in the quadrature amplitudes of the electromagnetic field to 

produce squeezed light. This light is indicated by having less noise in one field quadrature 
than a coherent state with an excess of noise in the conjugate quadrature such that the 
product of canonically conjugate variances must satisfy the uncertainty relation. Indeed, 
this light occupies a wide area in the studies of quantum optics theory since it has a lot of 
applications, e.g. in optical communication networks [l|, in interferometric techniques |2|, 
and in optical waveguide tap 3|. Moreover, generation of squeezed light has been observed in 
many optical processes, e.g. ^, [SJ. Investigation of the squeezing properties of the radiation 
field is a central topic in quantum optics and noise squeezing can be measured by means of 
homodyne detection. 

On the other hand. Lie algebras have been used to investigate the nonclassical properties 
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of light in quantum optical systems, e.g. quantum mechanical interferometers [6|, beam 
splitters |7| and linear directional coupler [8|, since they can give powerful and systematic 
methods to facilitate such studies |9|. Among these nonclassical properties lies SU{2)- and 
SU{1, l)-squeezing [lOj. The authors of 10| have shown that in the framework of a system 
of A^ two-level atoms the squeezing of angular-momentum [S'f/(2)] fluctuations is exhibited 
for optical transients involving the photon echo. Further, the SU{1, 1) fluctuations are es- 
tablished for general two-photon processes involving dynamical variables different from the 
creation and annihilation operators. Also Lie algebra techniques have been applied to prob- 
lems in nonlinear optics such as a model of nonabsorbing nonlinear medium (an anharmonic 
oscillator) Uj or a model consisting of a degenerate parametric amplifier (nonconserving 
term) and an anharmonic term 12|. For the former it has been shown that squeezing is 
eventually revoked and the rate of revoking grows with increasing number of photon in the 
initial state, however, for the latter squeezing property is generally revoked by the nonab- 
sorbing term and increased by the nonconserving term. Finally, it is convenient to point 
out that the Jaynes-Cummings model composed of a two-level (three-level) atom interacting 
with single mode (two modes) electromagnetic field has been treated also in terms of Lie 

n n 

algebra [13[ ([IJ]). In all these considerations the basic point is the existence of a set of 
operators obeying Lie algebra. 



Thegeneration of SU{1, 1) CS (l5|,|l6| and SU{2) CS 



erate [lO[ and nondegenerate parametric amplifiers 10 



las been investigated for the degen- 



171], respectively. In this communi- 



cation we study SU{1, 1)- and S'f/(2)-squeezing in terms of these states for three interacting 
modes in a nonlinear crystal or in any relevant device, e.g. nonlinear directional coupler. 

This will be done as follows: In section 2 we give a brief overview of the properties of 
SU{1, 1) and SU{2) Lie algebras which will be used in the article. Section 3 is devoted to 
a discussion of the models as well as to the solution of the equation of motions. Section 
4 discusses SU{1, l)-squeezing and S'?7(2)-squeezing. Section 5 includes conclusions and 
remarks. 

II. PROPERTIES OF SU{1,1) AND SU{2) LIE ALGEBRAS 



In this section we review briefly, for future purpose, some properties of the SU{1, 1) and 
SU{2) Lie algebras as well as we give the notations of SU{1, 1) CS [15|, ll6| and SU{2) CS 



10| . We begin by introducing the operators set {K^, Ky, K^} which satisfy the commutation 
relations 

[K,, Ky] = 1/3K,, [Ky, K^ = iK,, [K,, K^] = zKy, (1) 

where /3 = ±1. When /3 = — 1 this set becomes the generator of SU{1, 1) Lie algebra, 
whereas when /3 = 1 it becomes the generator of SU{2) Lie algebra. Using the ladder 
operators, i.e. K+,K_, we can construct the operators 

K. = l{K^ + K^), Ky = ^{K^-K.), (2) 

satisfying the commutation relation 

[K_, K+] = 2f3K,, [K,, K^] = ±K±. (3) 

The discrete representation of the SU{1, 1) Lie group is given by 

Kz\m\ k) = {m + k)\m; k), 

K^\m; k) = [(m + l)(m + 2k)]^\m + 1; k), 

K^\'m;k) = [m{m + 2k — l)]^\m—l;k), (4) 

where K^\0; k) = 0. On the other hand, the discrete representation of the SU{2) Lie group 
is given by 

Kz\m]j) = m\m;j), 

K+\m;j) = [{j -m){j + m + l)]^\m + l;j), 

K_\m;j) = [U + m){j -m + l)]2|m- l;j), (5) 

where K_\ -j;j) = K+\ -j;j) = 0. 

We examine squeezing against SU{1, 1) CS as well as SU{2) CS. In fact, there are two 
types of SU{1, 1) CS, the first one is the PCS [15;] having the form 

i«^*)Hi-ia'|:/l^rK*), (6) 

where ^ = — tanh(|) exp(— z0), with |,^| G (0, 1), 9 E (— C)0, oo), (p E (0, 27r), F stands for 
Gamma function and k is called Bargmann index. For k = 1/4 and 3/4 we get even-parity 
and odd-parity states, respectively. This state is a special type of squeezed vacuum state 
[lO| which is essentially equivalent to the two-photon coherent state 18|, and it possesses 



most of the properties of the ordinary coherent states, such as a completeness relation and a 
reproducing kernel. PCS can be realized in the framework of degenerate and nondegenerate 



state (BGCS) [16| determined by 



parametric amplifier 17l |. The second type of SU{1, 1) CS is the Barut-Girardello coherent 



|^|2n-l 



y -'2n-il^FlJ ;^ ^/m\T{m + 2n) 
where /„(..) is the modified Bessel function of order n. Indeed, this state is the eigenstate 

of K_, i.e. K_\z\ n) = z\z;n), and it has similar properties as the Glauber coherent state in 

the sense that it is not only unsqueezed state but also a minimum-uncertainty state. 

SU{2) CS (Bloch state) |lO| is defined by 

I/^,J) = TTTT2 E \r w^-' .. /^^'^'"l^ij), (8) 

1 + l/ip ^ y [J — my.[j + my. 

where 2j is the maximum possible number of photons and /i is a complex parameter related 
to the partition of photons in the SU{2) CS field modes. This state is squeezed state 
depending on the value of /i and can be generated in a linear directional coupler in which a 
)ure number state |2j) is launched into one port of the coupler and the vacuum into other 

n 

The following relations will be frequently used in this work [9] 

KmT(o)K'im, = ..'."^^^—^ (^-) ./.„_,(.)u,.,,. (96) 

(Ai(o)/c(o)A-:(o)>„. = ^^-i^(^)^(|-)"|i,r^ - ,r (1 + \,Ar', pc) 

where the subscripts p, b and u2 mean that the average is performed in terms of PCS, BGCS 
and SU{2) CS, respectively. 

Finally, we conclude this section by giving the definitions of SU{1, 1)- and SU{2y 
squeezing. From (1) we have the following uncertainty relation 

{{^K^f){{^Kyf)>\\{K;)\\ (10) 

To measure SU{1, 1)- (or S'f/(2)-) squeezing, it is appropriate to introduce the function 

Maximum SU{1, 1)- (or SUiT)-) squeezing (100%) is obtained for Sj = —1. 



III. MODEL DESCRIPTION AND EXACT SOLUTION 

In this section we consider two types of three radiation modes interacting by somehow in 
a nonlinear crystal or in an optical cavity which are associating with SU{1, 1) and SU(2) 
Lie algebras. 



The lossless effective Hamiltonian of the first type, i.e. associated with SU{1, 1) Lie 
algebra, has the form 

J = ai(iii2 - A{Al) + t\2iA,As - A\Al) + ^3(1^2 - ^3^^, (12) 

where Xj are the coupling constants including the pump amplitude and proportional to the 
second-order susceptibility of the medium x^^) ; Uj are the natural frequencies of oscillation of 
the uncoupled modes and h.c. is the Hermitian conjugate. This interaction mixing processes 
of parametric amplification and frequency conversion can be established, e.g. by means of 
a bulk nonlinear crystal exhibiting the second-order nonlinear properties in which three dy- 
namical modes of frequencies ui,U2, cus are induced by three beams from lasers of these fre- 
quencies. When pumping this crystal by means of the corresponding strong coherent pump 
beams, as indicated in the Hamiltonian, we can approximately fulfil the phase-matching con- 
ditions for the corresponding processes, in particular if the frequencies are close each other 
(biaxial crystals may be helpful in such an arrangement). Also a possible use of quasi-phase 



matching may help in the realization, which is, however, more difficult technologically |19 |. 
Another possibility to realize such interaction is a nonlinear symmetric directional coupler 
composed of two nonlinear waveguides operating by nondegenerate parametric amplification 
where the interaction between two waveguides can be established through the evanescent 
waves. More details about the quantum properties of the Hamiltonian (12) can be found in 
y. Now if we set 

L^ = i{AiA2-AlAl), 

Ly = t{A,As-A\Al), 

L, = t{AlA2-A,A^,), (13) 

one can easily verify that this set of operators satisfy the commutation rules (1) with /3 = —1, 
i.e. this model is associated with SU{1, 1) Lie algebra. 

The second type of Hamiltonian which associates with SU{2) Lie algebra has the form 

I = tX'MlA^ - A,Al) + tX'^iAAs - A,Al) + tX'.iAlA^ - Ai^), (i4) 

where all the notations have the same meaning as before; this interaction is mixing three 
processes of frequency conversion. Analogously if one takes the terms involving A^, Ag and 
A3 by L^, Ly and L^, respectively, it is easy to prove that these operators satisfy the commu- 
tation rules (1) with /3 = 1. For completeness, it would be convenient to mention that pair 
creation and annihilation operators AjAk and A'-Al (j 7^ k) of the two-mode field form ele- 
ments of the SU{1, 1) Lie group; on the other hand operators A^A^ and AjAl. form elements 



6 



of the SU{2) Lie group, e.g. in the lossless beam splitter [TJ. So one can note that (12) 
includes three terms, two of them represent SU{1, 1) Hamiltonian (parametric amplifiers, 
Lx,Ly) and the third one forms SU{2) Hamiltonian (Lz). Hamiltonian in (14) is formally 
a sum of three SU{2) Hamiltonians. We assume that the used optical crystal is pumped 
simultaneously in two different regimes by corresponding laser beams. 

Now, in this paper we treat the systems (12) and (14) by unified model that exploits 



their underlying Lie algebra similarity. The unified model is 

— = aiK^ + a2Ky + as-ft'^. 



(15) 



h 

where aj, j = 1,2,3 are parameters specializing which model is considered. In other 
words, the Lie algebras results for either the models (12) or (14) can be recovered from 
our general formula (15) by taking /3 = +1 or —1 for Kj = Lj or Kj = Lj,j = x,y,z, 
respectively, and specializing the constants aj to the particular values that they have in the 
corresponding models (Aj or A^, j = 1, 2, 3). Now the energy of the system is proportional 
to Lie algebra generators. It would be of interest to mention that a similar model of (15) 
has been considered in 2l| for semiclassical Dicke model and the ideal parametric ampli- 
fier, however the treatments there have been given in the framework of pseudospin vector 
and/or pseudotensor and consequently simple geometrical arguments have been performed 
to explain the phenomena. Indeed, the model (15) is quite general for any operator system 
can fulfill the SU{1, 1) or SU{2) Lie algebra rules. 

To discuss the dynamical behaviour of the model we may solve the Heisenberg equations 
of motion for the Hamiltonian (15) which are 



IT 

dKy 

~dr 

dK, 

dt 



-asKy + (3a2Kz 
a'iK^ - (3aiKz, 
-a2K^ + aiKy. 



The matrix representation of the solutions of these equations is 



Ky{t) 



R^{t,P) J^-\t,P) /35(+)(t) 
j(+)(t,/3) R2{t,f3) f3V^-\t) 
S(-\t) y(+)(t) i?3(t,/3 = l) 



where 

Rj{t,l3) = cos{gt) + 2 



KM 
KyiO) 

KM 



(16) 



(17) 






1,2,3, 



J^^\t,/3) 



^f3aia2 . 2/9^\ < '-^3 



9' 



■sin ( — ) ± — sin(5ft). 






aiOg . 2 gt , "2 . , ,s 
^^ 2 ^ 



2^Y- si^ ^ ± ~ sm^t , (18) 

r 2^ ^ 

and g = [a^ + Pal + /3a|)2 . It is easy to check that the commutation relations (1) are still 



valid for solutions (17). Moreover, this solution is periodic with period 4:7: /g, i.e. Kj{t + 
^^^) = Kj{t), n = 0,1, 2, .. provided that g is real. It is reasonable mentioning that one 
can alternatively work in the Schrodinger picture where the operators remain unchanged 
but the state vector of the model becomes time-dependent, i.e. li'it)) = exp{—itH)\ip{0)) 
where \ip{0)) is the initial state of the system. Then using the disentanglement theorem of 
SU{1, 1) or SU{2) Lie algebra [9| the problem can be treated in an algebric way. 

Based on the results of the present section together with those of the 2nd section we 
discuss the SU{1, 1)- and 5't/(2)-squeezing in the following section. 




:.o 3,0 

time 



(a) 



(b) 




-1.0 5,0 



(c) 

FIG. 1: Squeezing factor Sj{t) of PCS against time t for (Ai,A2,A3) = (0.1,0.25,1) and for a) 
(</,, 1^1) = (|,0.5); b) (</., [CD = (§,0.8); c) (0, |C|) = (f,0.5). In these figures first quadrature is 
always represented by the solid curve, whereas second quadrature is represented by the dashed 



curve. 



IV. 5[/(l, 1)- AND S'?7(2)-SQUEEZING 

First, we consider the SU(1, l)-squeezing and investigate fluctuations in terms of PCS 
and BGCS. For this purpose, the relations (6), (7), (9a-b) and (17) should be used. 

After some calculations the quadrature variances {{AKx(t))^)p and {{AKy{t))^)p as well 
as {Kz{t))p for PCS can be written in the following forms 



Ifl 



2^2 






(1-lel 



2^2 



+ ^3^^^ j' (19^) 

and 

(^.(t))p = (T^^ {(1 + i^n^3(t, 1) + 2rhit) + ^h*{t)]} , (19c) 

where we have used the following abbreviations 

/(t,/3) = l[i?i(t,/3) -^j(-)(t,/3)], g{t,l3) = i[j(+)(t,/3) -^i?2(t,/3)], 

Mt) = i[5(-)(t)-.\/W(t)]. (20) 

Of course, /3 = — 1 in the present case. 

It is easy to check that relations (19) reduce to those of |9|, [l7| at t = 0. From (11) 
and (19) it is evident that the fluctuations are independent of the value of k. In Figs, 
la-c we have plotted the squeezing factors Sj(t) given by (11) after substituting from (19) 
against time t for shown values of the parameters. Further, in these figures first quadrature 
is always represented by the solid curve, whereas second quadrature is represented by the 
dashed curve. Now apart from the case = f which will be discussed shortly, one can 
observe that at t = there is squeezing in the K^ quadrature as expected since PCS are 
a type of squeezed states depending on the value of (p. When the time increases exchange 
of energy between modes starts to play a role, and consequently squeezing transfers to the 
second quadrature, and in the first one it disappears. This behaviour is periodically repeated 
as the interaction time increases. Further, it is clear that larger the parameter |^|, greater 
the squeezing which can be obtained. It is important mentioning that squeezing can be 
realized even if the initial states are not squeezed. This fact is demonstrated for the case 
= ^ where PCS are not squeezed (this is clear from Fig. Ic at t = 0), however, at later 



9 



times periodical squeezing is generated which can be switched between the two quadratures. 
As we have shown before such behaviour can periodically appear with period 4:7c/g. Indeed 
such behaviours require that A| > A^ + Ag, otherwise the initial squeezing of PCS will vanish 
when the interaction time increases since the solutions (17) in this case include hyperbolic 
functions which are monotonically increasing. 

We proceed by focusing the attention on the behaviour of BGCS [l6|] specified by (7). 
The required quantities to discuss SU{1, l)-squeezing related to this state are 



{{AK^it))\ = 2\fit,-l)\' 



+ k|5W^(t) 



1- 



^21(2 



n 



^1) 



iin-imz\) 



{{AK,{t))\ = 2\g{t,-l)\'^ 



n + 



\z\hni2\z\) 
hn-Mz\) 

+ (1 - 2n) 



-s^+\t)[z*f(t,-i) + zr{t,-i)] 

hn{2\z\) 



/2n-l(2|z|)J' 



+ \z\V^~^\t) 



and 



(ir,(t))b = i?3(t,l) 



n + 



z\l2n\2\z 



'2n-l 



(2kl) 



+ (1 - 2n) 



-V^-\t)[z*g{t,-l) + zg\t,-l)] 
/2n(2k|) 



/2n-l(2|^|)J 



+ z*h{t) + zh*{t), 



(21a) 



(216) 



(21c) 



J2„_i(2|z|)J 
where /(t, — 1), (^(t, —1) and h{t) are given in (20). As we mentioned earlier BGCS is similar 

to the Glauber coherent state, i.e. it is a minimum-uncertainty state. However, it has been 

shown that the superposition of such states (even- and odd-BGCS) can produce squeezing 

as a result of the quantum mechanical interference between the components of the state 

in phase space 2j]. Also in the model under discussion this state can evolve to produce 

squeezing (see Fig. 2 for shown values of the parameters). It is clear that squeezing is 

generated and interchanged between the two components provided that A3 > Af + A2. 

Second, we study the 5'?7(2)-squeezing in terms of SU{2) CS (8) as we did before. After 

straightforward calculations the quadrature variances ((Ai^2:(i))^)u2 and {{A.Ky{t)Y)u2 as 

well as {Kz{t))^2 are 






_ o . f [s^^Kt) - /^*/(^, 1) - ^^nt. i)][/i7(t, 1) + /ir (t, 1)] 

I (1 + l/^r) 

i/iHsW(t)-/i*/(t,i)-/ir(t,i)p 



{{AKy{t)f),2 = 2j 



(1 + |/X|2)2 

[V(+\t) - ^*g{t, 1) - ^ig*{t, l)][^l*g{t, 1) + ^ig*{t, 1)] 



1^(^,1)1' + 



(1 + H' 
^\'^[VM(t)-^^*g{t,l)-^ig\tA)f 



and 



l/i 



2A2 



{KM 



2j 



u2 



m 



{i?3(t,l)(|/ip-l) + 2[/i*Mt)+/x/i*(t)]}, 



(22a) 

(226) 
(22c) where 
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FIG. 2: Squeezing factor Sj{t) of BGCS against time t for n = 2, z = 10 exp(i7r) and (Ai, A2, A3) 
(0.1,0.25,1) : first quadrature (solid curve), second quadrature (dot curve). 

f(t, l),g{t, 1) and h{t) are given in (20). 




0.0 



2.0 



4.0 6.0 

time 



8.0 10.0 



FIG. 3: Squeezing factor Si{t) (first quadrature) of S'?7(2)-squeezing against time t for 
(Ai,A2,A3) = (0.1,0.25,1), (/> = f and \fi\ = 0.5 (solid curve), 10 (long-dashed curve), 100 (short- 
dashed curve). Straight-line is the squeezing bound. 



In Fig. 3 we have plotted squeezing factor of the first quadrature against time t for the 
shown values of the parameters. From this figure one can observe that there is no initial 
squeezing and this is in contrast with SU{1, l)-squeezing case (compare solid curves in Figs. 
1 and Fig. 3). As a result of the interaction of the field with the material media squeezing can 
occur periodically with maximum value smaller than for SU{1, l)-squeezing. Also one may 
observe that the degree of squeezing decreases as the values of |/i| increase (i.e. decreasing 
the initial mean photon number) and this is in contrast with SU{1, l)-squeezing where the 



11 

opposite situation is established for a given |^| (as it is well known that the initial mean 
photon number increases as |^| increases). In other words, when the initial mean photon 
number increases the degrees of squeezing of both SU{1, 1)- and 5'f7(2)-squeezing increase, 
too. 

V. CONCLUSIONS AND REMARKS 

In this work we have studied SU{1, 1)- and S'f/(2)-squeezing of interacting systems of 
radiation modes in a quadratic medium in the framework of Lie algebra. Particular examples 
have been given for three mode case, however, the model is quite general and may be applied 
to any Hamiltonian consisting of a set of operators obeying these kinds of Lie algebra. In 
other words, from Hamiltonian (15) one can recognize that the boson operators are not 
explicitly involved and the models become indistinguishable. This means that if we have 
a model (say) which includes several modes, but its Hamiltonian can be represented as a 
linear combination of SU{1, 1)- or 5't/(2)-squeezing Lie algebra generators, the behaviour of 
the degree of squeezing of this model can be the same as discussed here. For the considered 
models we have shown that squeezing is reached for both PCS, BGCS and SU{2) CS, and 
can be periodically recovered provided that q is real. 

We conclude this article by referring to [23] where two kinds of two-mode squeezing (sum 
and difference squeezing) have been discussed. Sum squeezing is described by operators 
which form a representation of the 5'f/(l, 1) Lie algebra, whereas operators of difference 
squeezing form SU{2) Lie algebra. Both of these kinds can be turned into normal squeezing 
and consequently can be detected. Unfortunately, this situation cannot be established here, 
where the Hamiltonian itself is represented in terms of the quadrature operators and any 
modification in the quadratures should be reflected in the structure of the Hamiltonian. 
More illustratively, the used quadratures in this article are represented bilinearly in bosonic 
operators and consequently they can be converted into normal squeezing. That is restricting 
ourselves on SU{1, 1) squeezing and considering modes 1 and 2 are strong, they can be 
replaced by iFjl exp{i(f)j),j = 1,2 where iFjl and 4>j are their amplitudes and phases, further 
taking 02 = 0i + 7r/2. In this case the quadratures (13) reduce to those of normal squeezing 
as 

Lx = -|F2|[i3exp(-i0i) + y4|^exp(20i)], Ly = i|Fi|[i3exp(-20i) - i|^exp(i0i)]. 
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L, = -2|ri||r2|. (23) 

However, the price is payed that the Hamiltonian becomes a hnear combination of creation 
and annihilation operators which cannot provide squeezing as well as the rules of the Lie 
algebra are not established. In conclusion, we have showed that special types of three modes 
interacting bilinearly in a nonlinear crystal can provide squeezing. This can be achieved in 
sum (difference)-frequency generation where the interaction arises from the second-order 
polarizability of the nonlinear medium. Squeezing in the quadratures Kj,j = x,y_oi the 



input field can be observed by studying the standard quadrature of the output field [2J|, e.g. 
through heterodyne detector. Moreover, such realization seems to be more feasible using 
the SU{2) and SU{1, 1) interferometers J6|. In the case of SU{1, 1) interferometer the beam 
splitters of a conventional interferometer have been replaced by the four-wave mixers and 
consequently it has a simpler construction than the SU{2) interferometer. Indeed, this fact 
together with periodic solution of equations of motion with the period 4:71 /g can be used for 
obtaining squeezing on a rather long time scale. 

Acknowledgments 

J. P. and F. A. A. E-0. acknowledge the partial support from the Project VS96028 
and Research Project CEZ: J 14/98 of Czech Ministry of Education and from the Project 
202/00/0142 of Czech Grant Agency. One of us (M. S. A.) is grateful for the financial 
support from the Project Math 1418/19 of the Research Centre, College of Science, King 
Saud University. 



[1] H. P. Yuen, J. H. Shapiro, IEEE Trans. Inform. Theory IT, 24 (1978) 657; ibid 26 (1980) 78; 

J. H. Shapiro, H. P. Yuen, M. J. A. Machado, IEEE Trans. Inform. Theory IT, 25 (1979) 179. 
[2] C. M. Caves, B. L. Schumaker, Phys. Rev. A, 31 (1985) 3068; B. L. Schumaker, C. M. Caves, 

Phys. Rev. A, 31 (1985) 3093. 
[3] J. H. Shapiro, Opt. Lett., 5 (1980) 351. 

[4] Special Issue on Squeezed Light, edited R. Loudon,d P. L. Knight, J. Mod. Opt., 34 (1987). 
[5] P. Meystre, D. F. Walls " Nonclassical Effects in Quantum Optics" (New York: AIP 1991). 
[6] B. Yurke, S. L. McCall, J. R. Klauder, Phys. Rev. A, 33 (1986) 4033. 
[7] R. A. Campos, B. E. A. Saleli, M. C. Teicli, Phys. Rev. A, 40 (1989) 1371; U. Leonhardt, 



13 

Phys. Rev. A, 48( 1993) 3265. 
[8] W. K. Lai, V. Buzek, P. L. Knight, Phys. Rev. A, 43 (1991) 6323. 
[9] M. Ban, J. Math. Phys., 33 (1992) 3213; M. Ban, J. Opt. Soc. Am. B, 10 (1993) 1347. 
[10] K. Wodkiewicz, J. H. Eberly, J. Opt. Soc. Am. B, 2 (1985) 458. 
[11] C. C. Gerry, Phys. Rev. A, 35 (1987) 2146. 
[12] C. C. Gerry, E. R. Vrscay, Phys. Rev. A, 37 (1988) 4265. 
[13] C. C. Gerry, Phys. Rev. A, 37 (1988) 2683. 

[14] W. K. Lai, V. Buzek, P. L. Knight, Phys. Rev. A, 44 (1991) 2003. 
[15] A. M. Perelomov, Commun. Math. Phys., 26 (1972) 222. 
[16] A. O. Barut, L. Girardello, Commun. Math. Phys., 21 (1977) 41. 
[17] C. C. Gerry, J. Opt. Soc. Am. B, 8 (1991) 685. 
[18] H. P. Yuen, Phys. Rev. A, 13 (1976) 2226. 
[19] L. E. Myers, R. C. Eckardt, M. M. Fejer, R. L. Byer, W. R. Rosenberg, J. W. Pierce, J. Opt. 

Soc. Am. B, 12 (1995) 2102; L. E. Myers, R. C. Eckardt, M. M. Fejer, R. L. Byer, W. R. 

Rosenberg, Opt. Lett., 21 (1996) 591; A. P. Alodjants, S. M. Arakelian, A. S. Chirkin, Quant. 

Semiclass. Opt., 9 (1997) 311. 
[20] M. S. Abdalla, M. M. A. Ahmed, S. AL-Homidan, J. Phys. A: Math. Gen., 31 (1998) 3117; 

M. S. Abdalla, M. A. Bashir, Quant. Semiclass. Opt., 10 (1998) 415; M. S. Abdalla, F. A. A. 

El-Orany , J. Pefina (unpublished). 
[21] P. K. Aravind, J. Opt. Soc. Am. B, 5 (1988) 1545. 
[22] M. Ban, Phys. Lett. A, 193 (1994) 121. 
[23] M. Hillery, Phys. Rev. A, 40 (1989) 3147. 
[24] G. S. Prakash, G. S. Agarwal, Phys. Rev. A, 52 (1995) 2335. 



